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1

DESIGN, LAYOU'T, AND MANUFACTURING
TECHNIQUES FOR MULTIVARIANT
INTEGRATED CIRCUITS

BACKGROUND OF THE INVENTION

Modern electronic devices are implemented utilizing a plu-
rality of integrated circuit (IC) chips. The IC chips are fabri-
cated on a monolithic semiconductor substrate of a water.
Referring now to FIG. 1, an exemplary semiconductor wafer
according to the conventional art 1s 1llustrated. The water 100
includes a plurality of a given integrated circuits fabricated in
an array of dice 110 separated by scribe boundaries 120-150.
For example, tens, hundreds or thousands of copies of the
same IC chip may be fabricated on a wafer. A chip including
a large 1integrated circuit may include millions or more semi-
conductor devices, such as transistors.

The semiconductor devices of the integrated circuit are
generally fabricated by performing various doping, deposit-
ing, patterning and etching processes upon the water. The
semiconductor devices are then interconnected by a plurality
of conductive layers. Referring now to FIG. 2, an exemplary
cross sectional view of the plurality of conductive layers 1n an
IC chip according to the conventional art 1s shown. The con-
ductive layers are typically polysilicon, metal and/or the like.
The conductive layers include a plurality of horizontal layers
referred to herein as interconnect layers 210 and a plurality of
vertical layers referred to herein as via layers 220. The dif-
terent conductive layers are separated by various passivation
layers 230. The conductive layers and passivation layers are
also fabricated by various doping, depositing, patterning and
etching processes performed on the waler. A corresponding
set ol a given vialayer 220, a given interconnect layer 210 and
a given passivation layer 230 1s typically referred to in the art
as a metallization layer. A chip including a large integrated
circuit may include four or more metallization layers to inter-
connect the semiconductor devices within the IC chip and
provide external connections for control signals, data signals,
address signals, supply potentials, and the like.

Referring now to FIG. 3, an exemplary integrated circuit
chip fabricated according to the conventional art 1s shown.
The integrated circuit 300 may be laid out on the chip 1n a
plurality of functional blocks 305-370. In various integrated
circuits, such a central processing units (CPUs), graphics
processing unit (GPUs), digital signal processors (DSPs),
microcontrollers and the like, the chip 300 includes one or
more core circuits 305, 310, one or more peripheral circuits
315-350, and/or the like. For example, a graphics processing
unit may include a plurality of cores 303, 310, a plurality of
memory bus interface circuits 315-330, a plurality of com-

munication bus interface circuits 335, 340, a plurality of
display iterface circuits 345, 350, and/or the like. In addi-
tion, one or more functional blocks 305, 310 may include one
or more sub-blocks 355-370. For example, the core circuits
305, 310 of a graphics processing unit may include sub-
blocks 355, 360 for communicating between core circuits
305, 310, system sub-blocks 365, 370 for controlling opera-
tion within the respective core circuits 305, 310 and commu-
nication between core circuits 305, 10, and/or the like. The
modular circuit architecture 1s utilized to simplify the design
of the integrated circuit, improve the manufacturability of the
integrated circuit and/or improve the performance of the inte-
grated circuit. However, there 1s a continuing need for
improved design, layout and manufacturing techniques.

SUMMARY OF THE INVENTION

The present technology may best be understood by refer-
ring to the following description and accompanying drawings
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2

that are used to illustrate the embodiments of the present
technology directed toward integrated design, layout, and
manufacturing techniques for multivariant integrated cir-
cuits.

In one embodiment, the technique includes designing a
first set of one or more modular circuits and a second set of
one or more modular circuits, wherein the first set of modular
circuits are adapted to separately implement a first one of a
plurality of selectable integrated circuits and the second set of
modular circuits are adapted to separately implement a sec-
ond one of a plurality of selectable integrated circuits, or the
first and second set of the modular circuits are adapted to
combine to implement a third one of a plurality of selectable
integrated circuits. The first and second set of one or more
modular circuits are laid out, wherein each combination of the
first and second set of modular integrated circuits are sepa-
rated from others by primary scribe boundaries. The first set
and second set of the modular circuits of each combination
are separated by a secondary scribe boundary. In addition,
interconnects and vias between the first set and second set of
the modular circuits are laid out 1n one or more metallization
layers to be fabricated last. The combinations of the first and
second sets of one or more modular circuits are then fabri-
cated, up to but not including the one or more metallization
layers including the interconnects and vias between the first
set and second set of the modular circuits, on a water accord-
ing to the layout. A demand for each of the first, second, and
third integrated circuits 1s predicted during fabrication of the
plurality of first and second sets of modular circuits up to the
one or more metallization layers including the interconnects
and vias between the first and second sets of the modular
circuits. The one or more metallization layers including the
interconnects and vias between the first and second sets of the
modular circuits are then selectively fabricated or not based
upon the predicted demand for the first second and third
integrated circuits. The waler 1s then selectively singulated
into a first plurality of dice each including the first set of one
or more modular circuits and a second plurality of dice each
including the second set of one or more modular circuits
along the primary and secondary scribe boundaries, or into a
third plurality of dice each including the first and second set of
modular integrated circuits and the interconnects and vias
along the primary scribe boundaries.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the present technology are 1llustrated by
way ol example and not by way of limitation, 1n the figures of
the accompanying drawings and in which like reference
numerals refer to similar elements and in which:

FIG. 1 shows a block diagram of an exemplary semicon-
ductor water according to the conventional art.

FIG. 2 shows a block diagram of an exemplary cross sec-
tional view of the plurality of conductive layers i an IC chip
according to the conventional art.

FIG. 3 shows a block diagram of an exemplary integrated
circuit of a chip according to the conventional art.

FIGS. 4A and 4B show a flow diagram of an exemplary
product lifecycle of an integrated circuit, 1n accordance with
one embodiment of the present technology.

FIG. 5 shows a block diagram of a portion of a waler
including an exemplary integrated circuit in accordance with
one embodiment of the present technology.

FIG. 6 shows a block diagram of a portion of a waler
including an exemplary integrated circuit in accordance with
another embodiment of the present technology.
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FIG. 7 shows a block diagram of a portion of a wafer
including another exemplary integrated circuit in accordance
with another embodiment of the present technology.

FIGS. 8A and 8B show a flow diagram of an exemplary
product lifecycle of an integrated circuit according to a con-
ventional art.

DETAILED DESCRIPTION OF THE INVENTION

Reference will now be made in detail to the embodiments
of the present technology, examples of which are illustrated in
the accompanying drawings. While the present technology
will be described 1n conjunction with these embodiments, it
will be understood that they are not intended to limit the
invention to these embodiments. On the contrary, the mven-
tion 1s 1ntended to cover alternatives, modifications and
equivalents, which may be included within the scope of the
invention as defined by the appended claims. Furthermore, 1n
the following detailed description of the present technology,
numerous speciiic details are set forth 1n order to provide a
thorough understanding of the present technology. However,
it 1s understood that the present technology may be practiced
without these specific details. In other instances, well-known
methods, procedures, components, and circuits have not been
described 1n detail as not to unnecessarily obscure aspects of
the present technology.

In this application, the use of the disjunctive 1s intended to
include the conjunctive. The use of definite or indefinite
articles 1s not intended to indicate cardinality. In particular, a
reference to “the” object or “a” object 1s intended to denote
also one of a possible plurality of such objects.

Referring now to FIGS. 4A and 4B, an exemplary product
lifecycle of an integrated circuit, in accordance with one
embodiment of the present technology, 1s illustrated. Gener-
ally, a product lifecycle includes designing the integrated
circuit, laying out the integrated circuit for manufacturing on
a waler, fabrication of the integrated circuit on the wafer,
packaging the integrated circuit as chips, and shipping the
integrated circuit chips to customers. The product lifecycle
may also include market analysis, design verification, test
fabrication, 1n fabrication testing, final package testing and/or
the like.

In one embodiment, the product lifecycle may begin with
an optional 1nitial market analysis prior to or during a design
phase, at 405. The initial market analysis may identify prod-
uct features, performance, costs and/or the like for the design
of a product. The mitial market analysis may also predict a
demand for the product when it 1s expected to ship to custom-
ers. For example, a market analysis may 1dentify the need for
a product family mcluding a high performance processor
variant, a midrange processor variant, and an entry level pro-
cessor variant each based on a modular circuit architecture.

At 410, an integrated circuit including a plurality of select-
able grouping of a modular circuit 1s designed. For example,
the design may include a first variant that includes a single
core and associated peripheral circuits, and a second variant
that includes two cores and associated peripheral circuits. In
another example, a performance processor variant in a prod-
uct family may 1nclude seven cores and associated peripheral
circuits, a midrange processor variant may include five cores
and associated peripheral circuits, and the entry level proces-
sor variant may include two cores in response to the initial
market analysis. The performance processor 1s implemented
by combining the set of five cores and associated peripheral
circuits and the set of two cores and associated peripheral
circuits. Alternatively, the set of five cores and associated
peripheral circuits may separately implement the midrange

10

15

20

25

30

35

40

45

50

55

60

65

4

processor, and the set of two cores and associated peripheral
circuits may separately implement the entry level processor.

The design of the modular circuit architecture may be
implemented by one or more computer implemented design
and simulation tools. The design and stimulation tools may be
one or more computing device readable mstructions and data
(e.g., programs) stored on one or more computing device
readable media (e.g., computer memory) which when
executed by one or more processors design and simulate
integrated circuit devices, sub-circuits, circuits and/or the

like.

At 415, additional market analysis may optionally be per-
formed prior to or during a layout phase. The additional
market analysis may be performed to improve the prediction
of the demand for each of the plurality of variants in the
product family when the product 1s expected to ship to cus-
tomers. Alternatively or 1n addition, an initial estimate of the
expected yield for each selectable grouping of the modular
circuits may be performed prior to or during the layout phase.
At 420, the modular circuit architecture of the integrated
circuit 1s laid out into a plurality of selectable groupings for
tabrication on a wafer. The layout includes secondary scribe
boundaries between two or more selectable groupings of the
modular circuit. The layout also includes routing intercon-
nects and vias for signals, supply potentials, and the like that
cross the secondary scribe boundaries, between the two or
more selectable grouping, in the last one or more metalliza-
tion layers to be fabricated. The layout may also be based
upon the results of the market analysis, the estimated yield,
and/or the like.

The layout of the modular circuit architecture may be
implemented by one or more computer implemented 1nte-
grated circuit layout tools. The integrated circuit layout tools
may be one or more computing device readable nstructions
and data (e.g., programs) stored on one or more computing
device readable media (e.g., computer memory) which when
executed by one or more processors place the devices and
route the interconnects and vias of the integrated circuit.

Referring now to FIG. §, a portion of a water including an
exemplary integrated circuit, 1n accordance with one embodi-
ment of the present technology, 1s 1llustrated. As 1llustrated,
an integrated circuit 1s laid out in two different selectable
groupings 510, 520 of a modular circuit. The integrated cir-
cuit may be for instance a modular circuit architecture includ-
ing one or more cores 305, 310 and one or more peripheral
circuits 315-350. A first selectable grouping 520 includes two
modular circuits fabricated on a die. A second selectable
grouping 510 includes a single modular circuit fabricated on
a die. The two modular circuits are laid out including primary
530-560 and secondary 370 scribe boundaries. The two
modular circuits are further laid out including interconnects
580 between the two modular circuits that cross a secondary
scribe boundary 570 in the last one or more metallization
layers. The interconnects and vias 580 between the two mod-
ules that cross the secondary scribe boundary 570 are adapted
to be selectively fabricated depending upon the particular
grouping selected.

Referring again to FIG. 4A, additional market analysis
may also optionally be performed prior to or during the start
of device fabrication, at 425. The additional market analysis
may be performed to improve the prediction of the demand
for each ofthe plurality of variants in the product family when
the product 1s expected to ship to customers. Alternatively or
in addition, an updated estimate of the expected yield for each
selectable grouping of the modular circuits may be performed
prior to or during the start of device fabrication.
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After the layout has been completed and verified, the prod-
uct family 1s put into production based upon the predicted
demand and/or expected yield for each variant in the product
family. The quantity of integrated circuits to be fabricated
may be based upon the expected fabrication yield, the pre-
dicted demand, and/or the like. For example, the market
analysis may indicate that the market 1s expected to be strong
demand for a large volume at a relative low price for the low
end chip, weak demand for the midrange price/performance
chip, and a strong demand for a small volume at a premium
price for the high end chip 1n the family.

At 430, fabrication of the integrated circuits on a water up
to but not including metallization 1s started according to the
layout. Fabrication includes various processes such as clean-
ing, depositing, doping, etching, and/or the like to form one or
more regions such as wells, shallow trench 1solation regions,
source regions, drain regions, gate regions, channel regions,
and/or the like. The fabrication of the integrated circuits up to
but not including metallization may typically take weeks,
months or more. For example, the fabrication of multi-core
graphics processors up to but not including metallization may
take approximately six to twelve weeks depending upon the
design.

The fabrication the integrated circuits may be performed
by one or more pieces of manufacturing equipment. Opera-
tion and control of the equipment may be implemented by one
or more computer implemented fabrication control tools. The
fabrication control tools may be implemented by one or more
computing device readable instructions and data (e.g., pro-
grams) stored on one or more computing device readable
media (e.g., computer memory) which when executed by one
or more processors control the operation of one or more of the
fabrication equipment.

At 435, a demand for each of the plurality of selectable
groupings of the modular circuit 1s predicted during fabrica-
tion of the integrated circuit up to but not including the inter-
connects and vias. Alternatively or 1n addition, a yield for
cach of the plurality of selectable groupings of the modular
circuit may be predicted during fabrication of the integrated
circuit up to but not including the interconnects and vias. In
one implementation, a final prediction of the demand, when
the product 1s expected to ship to customers, may be per-
formed for each of the plurality of variants in the product
family. The demand prediction may be performed by one or
more computer implemented market analysis tools. The mar-
ket analysis tools may be implemented by one or more com-
puting device readable instructions and data (e.g., programs)
stored on one or more computing device readable media (e.g.,
computer memory) which when executed by one or more
processors predict a market demand for a given product.

At 440, one or more of the plurality of groupings of the
modular circuit are selected for fabrication based upon the
predicted demand and/or yield at process 435. The demand
and/or yield predicted during fabrication may also be utilized
to revise the quantity of waters put into production at process
430.

Referring now to FIG. 4B, fabrication continues with for-
mation of interconnects and vias of the integrated circuit
according to the layout of the selected one or more groupings
of the modular circuit, at 445. The interconnects and vias
between the modular circuits that cross the secondary scribe
boundary are selectively fabricated or not depending upon a
particular selected grouping. It 1s appreciated that 11 the inter-
connects and vias extend across scribe boundaries, the cut
metal could cause contamination issues that may deleteri-
ously affect the performance of the resulting integrated circuit
chips. Therefore, the interconnects and vias of metallization
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layers that cross secondary scribe boundaries are fabricated 1f
the selected one or more groupings of the modular circuit are
not going to be separated along the secondary scribe bound-
aries. However, 11 the one or more groupings of the modular
circuit are going to be separated along the secondary scribe
boundaries, the interconnects and vias that cross secondary
scribe boundaries according to the layout are not fabricated.

For example, a waler may include one hundred sets of the
processor cores and associated peripheral circuits illustrated
in FI1G. 5. The final market analysis may predict a need for
fifty thousand single core integrated circuit chips 510 and
twenty thousand dual core integrated circuit chips 520. As a
result two hundred fifty waters will be fabricated without
interconnects and vias between corresponding pairs of pro-
cessor cores (e.g2., across the secondary scribe boundaries). In
addition, two hundred waters will be fabricated with inter-
connects and vias 380 between corresponding pairs of pro-
cessors. For simplicity, this example assumes one hundred
percent yield from the waters. However, those skilled 1in the
art appreciate that the number of waters fabricated will need
to be increased to compensate for yield losses.

Again, the fabrication may be implemented by one or more
computer implemented fabrication control tools, fabrication
equipment, and/or the like. The fabrication control tools may
be implemented by one or more computing device readable
instructions and data (e.g., programs) stored on one or more
computing device readable media (e.g., computer memory)
which when executed by one or more processors control the
operation of one or more pieces of the fabrication equipment.

Referring again to FIG. 4B, the waler 1s singulated 1nto a
plurality ol integrated circuit die according to the layout of the
selected one or more groupings of the modular circuit, at 450.
For example, the five hundred waters without interconnects
and vias between corresponding pairs ol processor cores
(e.g., single core integrated circuit chips) are singulated 1nto
die by cutting the wafer along both the primary 530-560 and
secondary 570 scribe boundaries, as 1llustrated 1n FI1G. 5. The
five hundred waters with interconnects and vias 580 between
corresponding pairs of processor cores (e.g., dual core pro-
cessor integrated circuit chips) are singulated into die by
cutting the wafer along the primary scribe boundaries 530-
560 and not the secondary scribe boundary 570.

Referring again to FIG. 4B, the singulated die are packaged
into a plurality of integrated circuit chips, at 455. In one
implementation, contacts on each die are electrically coupled
to corresponding contacts on a chip substrate and the die and
chip substrate are encapsulated to form the finished integrated
circuit chips adapted for mounting on printed circuit boards
or the like. Singulation and packaging may also be 1mple-
mented by one or more computer implemented fabrication
control tools, fabrication equipments and/or the like. The
packaged integrated circuit chips may then be shipped to
customers, at 460.

Embodiments of the present technology may also be prac-
ticed with symmetrical or asymmetrical modular circuit
architectures. For example, a portion of a wafer including an
exemplary integrated circuit in accordance with another
embodiment of the present technology 1s 1llustrated 1n FIGS.
6 and 7. As 1illustrated in FIG. 6, a plurality of integrated
circuit dice 605, 610 may be fabricated with seven cores and
associated peripheral circuits by including interconnects and
vias 615, 620 between a first set of five cores and a second set
of two cores during metallization. The integrated circuit dice
605, 610 are then singulated by cutting the water along scribe
boundaries 625-645. Alternatively, as 1llustrated 1n FIG. 7, a
plurality of two different integrated circuit dice 705-720 may
be fabricated, one lot of die with five cores 705, 715 and a
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second lot with two cores 710, 720 by leaving out 1ntercon-
nects and vias between the five core circuits and the two core
circuits during metallization. The integrated circuit dice 705-
720 are then singulated by cutting the waiter along primary
scribe boundaries 725-745 and the secondary scribe bound- 5
ary 750.

In contrast to embodiments of the present technology, an
exemplary product lifecycle of an integrated circuit according
to a conventional art 1s 1llustrated in FIGS. 8A and 8B. The
product lifecycle according to the conventional art may begin 10
with an optional 1nitial market analysis prior to or during a
design phase, at 805. The mitial market analysis may 1dentily
product features, performance, costs and/or the like for the
design of a product. The mitial market analysis may also
predict a demand for the product when 1t 1s expected to ship to 15
customers. At 810, a plurality of vaniants of an integrated
circuit may be designed. Each variant of the integrated circuit
may be based upon a modular circuit architecture. At 815,
additional market analysis may optionally be performed prior
to or during a layout phase. The additional market analysis 20
may be performed to improve the prediction of the demand
tor each ofthe plurality of variants in the product family when
the product 1s expected to ship to customers.

At 820, 8235, each of the plurality of variants of an 1nte-
grated circuit are separately laid out. At 830, 835, each of the 25
plurality of variants of the integrated circuit are separately
tabricated on waters according to the predicted demand and/
or an expected yield. In the conventional art, each of the
plurality of variants of the integrated circuit are separately
tabricated from the start through fabrication of the metalliza- 30
tion layers. The fabrication of multi-core graphics processors
from the start through fabrication of the metallization layers
may take approximately fourteen to twenty two weeks
depending upon the design. The watfers for each of the plu-
rality of vaniants of the integrated circuit are then separately 35
singulated, at 840, 845. At 8350, 855, the resulting die for each
of the plurality of variants of the integrated circuit are then
packaged in to corresponding chips. The plurality of inte-
grated circuit chip variants may then be shipped to customers,
at 860, 865. Accordingly, in the conventional art, fabrication 40
1s based upon a predicted demand and/or yield that 1s further
back from the expected shipment date as compared to
embodiments of the present technology. In an embodiment of
the present technology, however, fabrication 1s based upon a
predicted demand and/or yield that 1s made closer to the 45
expected shipment date and therefore tends to be more accu-
rate than as 1n the conventional art. Being able to adjust the
fabrication mix of a plurality of integrated circuit variants up
until the last one or more metallization layers that include
interconnects and vias between particular groupings can 50
reduce waste of integrated circuits and/or shortages of inte-
grated circuits.

Embodiments of the present technology advantageously
permit fungible waler work-n-process. The techniques
advantageously allow the final prediction of demand and/or 55
estimated yield to be delayed weeks, months or more, which
can provide a more accurate prediction of the demand and/or
estimate of the vield. The work in progress may then be
redirected to specific itegrated circuit variants based upon
the more accurate demand predictions and/or yield estimates. 60

The foregoing descriptions of specific embodiments of the

present technology have been presented for purposes of 1llus-
tration and description. They are not intended to be exhaus-
tive or to limit the invention to the precise forms disclosed,
and obviously many modifications and variations are possible 65
in light of the above teaching. The embodiments were chosen
and described 1n order to best explain the principles of the
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present technology and its practical application, to thereby
enable others skilled 1n the art to best utilize the present
technology and various embodiments with various modifica-
tions as are suited to the particular use contemplated. It 1s
intended that the scope of the invention be defined by the
claims appended hereto and their equivalents.

What 1s claimed 1s:
1. A method comprising:
predicting an mitially demand for each of a plurality of
selectable grouping of a modular circuit of an integrated
circuit prior to fabricating the integrated circuait;

designing the integrated circuit including the plurality of
selectable groupings of a modular circuit based upon the
predicted 1mitial demand;

laying out the designed integrated circuit including scribe

boundaries between particular groupings of the modular
circuit, and routing the interconnects and vias between
modular circuits that cross the scribe boundaries
between the particular groupings of the modular circuit
in the last one or more metallization layers to be fabri-
cated;

fabricating the integrated circuit on one or more waters

accordingly to the layout up to but not including fabri-
cating the interconnects and vias;

predicting a revised demand for each of the plurality of

selectable groupings of the modular circuit during fab-
rication of the integrated circuit up to but not including
the interconnects and vias;

selecting one or more of the plurality of groupings of the

modular circuit based upon the predicted revised
demand;
fabricating a subset of the interconnects and vias of the
integrated circuit according to the layout of the selected
one or more groupings of the modular circuit; and

singulating the water into a plurality of integrated circuit
die according to the layout of the selected one or more
groupings of the modular circuit.

2. The method according to claim 1, wherein the modular
circuit comprises one or more processor cores and one or
more associated peripheral circuits.

3. The method according to claim 1, wherein predicting the
revised demand comprises a market analysis of each of the
plurality of selectable groupings of the modular circuit.

4. The method according to claim 1, further comprising:

estimating a yield for each of the plurality of selectable

groupings ol the modular circuit during fabrication of
the mtegrated circuit up to but not including the inter-
connects and vias; and

selecting the one or more of the plurality of groupings of

the modular circuit turther based upon the estimated
yield.

5. The method according to claim 1, further comprising
fabricating the integrated circuit on one or more wafers
according to the layout and the predicted nitial demand up to
but not including the interconnects and vias.

6. The method according to claim 1, further comprising;:

analyzing a market to identify one or more attributes

selected, from a group consisting of one or more product
features, one or more performance metrics, one or more
target costs, and the mnitial demand; and

designing the integrated circuit including the plurality of

selectable groupings of a modular circuit based on the
market analysis.

7. The method according to claim 1, further comprising:

analyzing a market to identify one or more attributes

selected from a group consisting of one or more product
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features, one or more performance metrics, one or more
target costs, and the initial demand; and

laying out the imntegrated circuit based on the market analy-

S18.

8. The method according to claim 1, wherein the integrated
circuit includes a first set of modular circuits including a first
processor core and a second set of modular circuits including,
a second processor core, wherein the first processor core and
second processor core are different and the first and second
modular circuits may be combined 1n selectable groupings.
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